Glomerular filtration in the kidney is a continuous process that acts in concert with tubular reabsorption to prevent derangements of body fluid composition. Filtration is regulated by systemic factors, but it is also controlled by an intrinsic mechanism based on the anatomical connection between the distal nephron and the glomerular arterioles. Facing the threat of urinary salt loss, this mechanism causes vasoconstriction and reduces filtration by generating adenosine through the hydrolysis of nucleotide precursors such as 5′-AMP and possibly ATP (see the related article beginning on page 634).
Each human kidney is composed of one million nephrons, each of which is an individual unit that functions in large part independently of the others (Figure 1 ). The glomerulus, where filtration of the blood occurs, is a vascular and epithelial structure whose function is highly regulated. Although a variety of local and systemic hormones contribute significantly to this regulation, the anatomy of the nephron suggests an additional mode of control. The distal tubule, when it emerges from the medulla, is adherent to the glomerulus at the point of the macula densa. Ever since the anatomy of the whole mammalian nephron was discovered, this connection has suggested that the glomerulus likely receives signals from the tubules that transport the filtered fluid, not just from systemic hormones.
The conglomerate of cells at the site of contact is called the juxtaglomerular apparatus (JGA), and it is a cytoarchitectural feature of all mammalian kidneys (Figure 2 ). The JGA consists of, first, a plaque of tubular cells, the so-called macula densa (MD), that is located within the end portion of the thick ascending limb (TAL) of the loop of Henle, mediating contact between the TAL and the vascular pole of its parent glomerulus. It consists of, second, the extraglomerular mesangium, which is composed of cells and matrix and fills the angle between the afferent and efferent glomerular arterioles and, third, the VSMCs at the vascular pole, including the renin-producing juxtaglomerular granular cells. This intimate and systematic juxtaposition of tubular epithelial cells and vascular cells within the same nephron has given rise to early speculations about a functional connection in which a signal related to the composition of the tubular fluid at the MD affects glomerular vascular tone and glomerular filtration rate (1) . It has now become clear that the JGA serves two different functions: it regulates the flow resistance of afferent arterioles in the so-called tubuloglomerular feedback mechanism, and it participates in the control of renin synthesis and release from the granular cells in the afferent arteriole (2) . Researchers originally assumed that the two responses might be related to each other in that renin released from the granular cells not only has systemic relevance, but locally triggers the formation of Ang II and thus is responsible for the afferent vasoconstriction as well; however, it now appears that the final activation of smooth muscle and granular effector cells occurs through largely independent pathways. Renin release from granular cells is the major source of systemic Ang II and thus plays an essential role in controlling extracellular volume and blood pressure, whereas the vasoconstriction of the afferent arteriole locally serves to modulate the filtration of the concerned nephron. For both mechanisms, it is well established that a change in NaCl concentration in the tubular fluid at the MD causes a graded release of mediators that reach their target by diffusion, thus acting in a paracrine fashion. It is worth remembering that the extraglomerular mesangium that mediates contact between the MD and the effector cells is not vascularized, so that the buildup of any paracrine agent would not be perturbed by blood flow.
With respect to renin release, the most likely paracrine mediators of this process are prostaglandin E2 and nitric oxide (3) (4) (5) , whereas the strongest experimental evidence for the vasoconstrictor response favors the notion that purinergic mediators, either ATP or adenosine, are responsible for signal transduction. A study by Castrop et al. reported in this issue of the JCI addresses the question of a possible interaction between ATP and adenosine in eliciting MD-dependent vasoconstriction (6) .
Regulation of vascular tone by adenosine or ATP
As has been discussed recently, the issue of whether ATP or adenosine act as paracrine mediators of the tubuloglomerular feedback response is controversial, and experimental evidence for either possibility needs to be reconciled (7, 8) . The role of adenosine as a mediator of the tubuloglomerular feedback response was proposed originally by Osswald et al. (9) , supported by the finding that nonspecific inhibitors of adenosine receptors as well as specific A1 adenosine receptor (A1AR) antagonists markedly attenuate tubuloglomerular feedback responses (10, 11) . A1ARs are expressed in afferent arterioles and they cause vasoconstriction by G i -dependent activation of phospholipase C and subsequent Ca 2+ entry via voltageactivated Ca 2+ channels (12) . Most importantly, mice with targeted disruption of the A1AR gene lack tubuloglomerular feedback responses, which suggests that adenosine, as the natural ligand of these receptors, is a nonredundant component of the signaling pathway (13, 14) .
On the other hand, it has been suggested that ATP may be a mediator of the tubuloglomerular feedback response, a notion that is based on the finding that nonspecific antagonists of P2 receptors interfere with autoregulation of afferent arteriolar resistance, a phenomenon that is in part mediated through the tubuloglomerular feedback mechanism (15) . Like adenosine, ATP is able to constrict afferent arterioles without having a clear effect in postglomerular vessels (16) . Consistent with the notion that there is a role for ATP in the autoregulatory response is the observation that mice lacking P2X1 receptors, one type of ATP-selective P2 receptors, have an impaired capacity to autoregulate renal vascular resistance (17) . The important finding that an increase in luminal NaCl concentration causes an increase in the release of ATP across the basolateral membrane of MD cells has been taken as further support that ATP acts as the mediator of the feedback response (18) .
Interaction between ATP and adenosine
The observations of Castrop et al. reported in this issue of the JCI (6) make an important step towards resolving the perceived discrepancy. These authors have generated ecto-5′-nucleotidase-deficient mice and have used these mice to determine the role of extracellular AMP hydrolysis in tubuloglomerular feedback using micropuncture techniques. Ecto-5′-nucleotidase is a membrane-anchored enzyme that is predominantly responsible for the generation of adenosine from the nucleotide precursor 5′-AMP. This enzyme is highly expressed in the kidney and has been shown to be associated with various cells at the glomerular vascular pole (extraglomerular mesangial cells and fibroblasts, depending on species) (19) . Its location is compatible with the suggested role of this enzyme in the local generation of adenosine in the extraglomerular mesangium and adjacent interstitium. Castrop et al. report that ecto-5′-nucleotidaseknockout mice have a markedly attenuated vasoconstrictor response to an increase in luminal NaCl concentration. Previous studies using pharmacological inhibition of 5′-nucleotidase have already suggested a role for this enzyme in tubuloglomerular feedback (20) . Thus, if adenosine is required for NaCl-dependent vasoconstriction, as the studies in A1AR-knockout mice suggest, hydrolysis of 5′-AMP catalyzed by ecto-5′-nucleotidase appears to be the dominant mechanism of adenosine generation.
The observations by Castrop et al. (6) could be extended to include ATP, thereby providing a potential link between the ATP and adenosine hypotheses of tubuloglomerular feedback regulation. One may assume a chain of events that begins with the release of ATP by MD cells and that leads through a series of dephosphorylation steps to the generation of adenosine. In such a scenario, the rate of adenosine formation may vary as a function of the rate of ATP release. ATP dephosphorylation to 5′-AMP is catalyzed primarily by a family of enzymes called NTPDases (ecto-nucleoside triphosphate diphosphohydrolases), but several other enzymes may be involved (21) .
Overall, the study of Castrop et al. (6) adds to the evidence that purinergic signal-
Figure 1
Structural organization of the nephron. Blood vessels are shown in red; the glomerulus and the tubular system in gray. The afferent arteriole feeds the glomerular capillary network, where filtration of the blood occurs. The glomerular filtrate is processed as it travels through the different tubular segments. At the cell plaque of the MD, with which the TAL touches the vascular pole of its glomerulus, tubular fluid composition is sensed and paracrine signals are conveyed to smooth muscle and renin-producing cells of the afferent arteriole.
Figure 2
Schematic showing the structural and functional relationships within the JGA. The MD cells are shown in brown, the extraglomerular mesangium in blue, the VSMCs in magenta, the renin-producing cells in green, the fibroblasts of the adjacent interstitium in yellow, and the blood vessels in red. Note that both signaling pathways from the MD pass the extraglomerular mesangium, either to reach the VSMCs (I) to regulate filtration or the reninproducing cells (II) to mediate renin secretion.
ing is critical for the information transfer across the juxtaglomerular interstitial space. The results confirm the notion that adenosine generation is necessary for the vascular response. Furthermore, they strongly suggest that adenosine is formed in the extracellular space by nucleotide hydrolysis. While the data from Castrop et al. only directly invoke 5′-AMP as an adenosine precursor, it is not farfetched to assume that adenosine is the hydrolysis product of ATP and that its formation rate may well be modulated by varying levels of ATP. In this case, rather than being mediated by ATP or adenosine along alternative pathways, tubuloglomerular feedback may be the result of successive involvement of both ATP and adenosine. This may serve as a reminder that in long-standing scientific controversies, it is perhaps more the rule than the exception that both sides reflect part of the truth, and that the solution lies in combining these parts of the truth into a coherent picture.
